Abstract: In order to determine the efficacy of a detector tube method in formaldehyde (HCHO) measurement, we performed a chamber experiment and a field study. The experiment clearly showed that the value obtained by the detector tube method was significantly correlated to that obtained using an active-DNPH method, and was not influenced by the coexistence of toluene, xylene or carbon monoxide, but was by acetaldehyde. In the field study, we investigated 171 rooms in 81 houses. Indoor air was simultaneously sampled for 30 minutes by both an active-DNPH method and the detector tube method. The mean HCHO concentration in the 171 rooms was 0.110 ± 0.089 ppm determined by the active-DNPH method and 0.12 ± 0.10 ppm by the detector tube method. Regression analysis showed that the two measures closely correlated with a regression equation Y=1.057 X + 0.002 (r=0.912, p<0.0001), where X is the HCHO concentration determined by the active-DNPH method and Y is that determined by the detector tube method. The mean acetaldehyde concentration in the 171 rooms was 0.024 ± 0.018 ppm using the active-DNPH method, and no correlation was found between acetaldehyde concentrations using the active-DNPH method and the values obtained by the detector tube method. Therefore, this study clearly showed that the detector tube method is not only simple and fast but also precise in measuring HCHO in indoor air.
Introduction
Recently in Japan, indoor air pollution due to various chemicals used in building materials has emerged as an occupational health issue. Formaldehyde (HCHO) is one of the major pollutants in indoor air because it is found in many products including particleboard, plywood, floor coverings and furniture. The health effects of HCHO are known to include eye and mucus membrane irritation, allergic hypersensitivity reactions and non-allergic hypersensitivity 1) . In 2002, the Japanese Ministry of Health, Labour and Welfare recommended as a guideline value an indoor HCHO concentration in workplaces of 0.08 ppm (0.1 mg/m 3 ) 2) , because sick house syndrome occurred in those working in a polluted occupational environment [3] [4] [5] . Accompanying the setting of the guideline value, sampling methods and analytical procedures were recommended to evaluate HCHO in workplace air 2) . According to the recommendations, the standard method of HCHO measurement is that HCHO in air is sampled by an active-DNPH-silica cartridge, extracted with acetonitrile and analyzed with an HPLC-UV detector. However, the standard method requires expensive sampling devices, expert measurement and days for analysis. Therefore, the Ministry of Health, Labour and Welfare advised that if the detector tube method can accurately measure HCHO in air, it can be applied to measure HCHO in work environments 2) . Recently, a new detector tube method has been developed to measure low-level indoor HCHO concentrations 6, 7) . In order to clarify the applicability of the detector tube method, we performed both a laboratory experiment and a field study. The aim of the laboratory experiment was to clarify the characteristics of the detector tube method using a chamber. The field study was performed to assess the detector tube method by simultaneous measurement of HCHO in indoor air using the detector tube method and the standard active-DNPH method.
Materials and Methods

Laboratory experiment
The experiment was performed in a chamber, which was made of aluminum and had 15.62 m 3 air volume. The experiment was carried out under conditions of a 0.04 times/ hr ventilation rate, 18.9-20.3°C temperature and 34.1-35.3% relative humidity.
The HCHO concentration was set at 0 ppm, 0.1 ppm, 0.2 ppm, or 0.4 ppm and the mean values of four measurements were 0.005 ± 0.001 ppm, 0.102 ± 0.007 ppm, 0.210 ± 0.009 ppm, and 0.395 ± 0.009 ppm, respectively. In addition to HCHO, we introduced toluene and xylene, acetaldehyde (CH 3 CHO) or carbon monoxide (CO) into the chamber as a coexisting pollutant. The estimated volume of HCHO solution (37%), CH 3 CHO solution (30%), toluene, or xylene was vaporized by heating and diffused by two electric fans. The estimated volume of CO gas was directly introduced into the chamber and the air was stirred with two electric fans.
Sampling by the detector tube method was simultaneously performed with an active-DNPH sampling method for 30 min. The value obtained by the active-DNPH method was treated as a standard.
Active-DNPH method: The sampling and analytical procedures were described in our previous paper 8) . Detector tube method: An HCHO detector tube (Type 710, Kohmyo Rikagaku Co, Tokyo) for indoor air was used. The sampling time of the detector tube was 10 or 30 min, and the flow rate was set at 300 ml/min using an exclusive pump (Air sampler S-21, Kohmyo Rikagaku Co, Tokyo) for the detector tube. The HCHO concentration was directly read from the values on the detector tube and corrected by a temperature-correction factor table according to the manufacturer's directions 7) . The determination range of this method was from 0.01 to 0.12 ppm at 30 min sampling, or 0.12 to 0.48 ppm at 10 min sampling, according to the provider 7) .
Field study
This study was performed in 81 houses surveyed between August 2 and October 11, 2000. The survey process was described in our previous report 8) . HCHO in the air was simultaneously sampled by two different methods; the active-DNPH method and the detector tube method as mentioned above. When the HCHO concentration in room air was higher than 0.48 ppm, re-sampling using the detector tube method was performed without delay. The conditions for re-sampling were as follows: flow rate reduced to 200 ml/min and sampling duration set at 10 min, as a result of which the determination range changed to 0.10-1.20 ppm, according to the provider 7) .
Statistical analysis
Data were entered and analyzed by the StatView J-5.0 (SAS Institute Japan, Tokyo) program. Simple regression analysis, correlation analysis and a two-sample t-test were used to study relationships among continuous variables that were roughly normally distributed. Scheffe's multiplecomparisons were used in one-way analysis of variance when the dependent variable was continuous and the independent variables were categorical variables. In all statistical analysis, two tailed tests and a 5% level of significance were applied.
Results
Laboratory experiments
The HCHO concentration obtained by the detector tube method was significantly correlated to that by the active-DNPH method (r=0.999), and the slope was almost 1, as shown in Fig. 1 .
There was almost no effect of the coexistence of toluene and xylene through levels from 0.01 to 0.24 ppm, as shown in Fig. 2 .
CO gas also had no effect on color development of the tube (Fig. 3 ). In addition, CH 3 CHO was added to 0.1 ppm of HCHO at a concentration from 0.002 to 0.088 ppm. The values of HCHO obtained by the detector tube method were 1.2 times the total of HCHO and CH 3 CHO determined by the active-DNPH method (Fig. 4) .
Field survey
The profiles of the houses tested in this survey are shown in Table 1 . House age varied from 0.01 to 25 years. In 171 rooms in the 81 houses, sampling with both the active-DNPH and detector tube methods was carried out simultaneously. The HCHO concentrations were classified into three groups, according to type of room, as shown in Table 2 . The other rooms included six children's rooms, a storeroom, two study rooms, a Japanese guest room, and a private cram school. The temperature and humidity in each room were almost the same among the three groups. The mean HCHO concentrations in the three groups obtained by the detector tube method were almost equal to those obtained by the active-DNPH method. The highest mean concentration, found in the group of "other rooms" exceeded 0.25 ppm with both methods, which is the warning level for HCHO exposure.
A regression analysis with 171 pairs of measured values showed that the two values correlated very closely with a regression equation of Y = 1.057X + 0.002 (r=0.912, p<0.0001), where X is the value determined by the active-DNPH method and Y is that determined by the detector tube method (Fig. 5) . It should be noted that the slope of the line is close to 1, and that the intercept on the vertical axis is close to zero (p=0.71); hence, the line almost passes through the origin.
In addition to HCHO, CH 3 CHO was detected by the active-DNPH method in a range from 0.006 to 0.161 ppm. The mean CH 3 CHO concentrations of the three groups were almost equal, and were significantly lower than the HCHO concentrations in all three types of rooms (Table 2 ). There was no significant correlation between HCHO concentration and CH 3 CHO concentration (n=171, r=0.027). There was no significant correlation between CH 3 CHO concentration obtained by the active-DNPH method and that by the detector method, as shown in Fig. 6 (n=171, r=0.168 ). Of the 171 rooms, there were four which had higher CH 3 CHO concentrations than HCHO concentrations, as shown in Table  3 .
Discussion
Jurvelin et al. 9) reported an interesting data that the mean indoor residential concentration of HCHO in the Helsinki metropolitan area was higher than the mean workplace concentration in Finland, and that personal exposure level was mainly influenced by residential exposure. Our field study was performed in residential rooms in houses ranging from 0.01 to 25 years old ( Table 1 ). The range of HCHO concentrations in residential rooms is expected to be wide enough to compare the values obtained by two measurement methods we tested.
This study clearly revealed a significant correlation between HCHO concentration obtained by the detector tube method and that by the active-DNPH method, both in the laboratory experiment with potential pollutants and in the field study in 171 rooms. Fig. 1 clearly shows that when only HCHO was present in the chamber, the relationship between results with the active-DNPH method and those with the detector tube method was almost 1:1, consistent with previous reports 6, 7) . However, since many kinds of chemical substances could be present in indoor air under normal office conditions, the effects of coexisting pollutants on the detector tube method need to be evaluated. Toluene and xylene are frequently detected in office air in new buildings 10) . CO is a harmful gas generated by combustion. After the Japanese Ministry of Health and Welfare 10) recommended a guideline value for residential HCHO concentration of 0.1 mg/m 3 in 1997, CH 3 CHO has sometimes been used in building materials instead of HCHO because it has chemical characteristics similar to those of HCHO and because stricter restrictions apply to the use of HCHO in building materials.
Therefore, we studied effects due to the coexistence of toluene and xylene, CO, and CH 3 CHO on HCHO concentration determined with the detector tube method. In our laboratory experiment, the HCHO concentration determined using the detector tube was not affected by the coexistence of toluene and xylene (Fig. 2) , or by carbon monoxide (Fig. 3) , but was affected by CH 3 CHO (Fig. 4) . According to the principle of color development of this type of detector tube, CH 3 CHO can develop the same color as HCHO. The manufacturer states that the rate of color development of CH 3 CHO is weaker than HCHO. However, the rate of reaction of CH 3 CHO was not less than that of HCHO as shown in Fig. 4 . When only CH 3 CHO is present at 0.1 ppm in the air, the indicated value on the detector tube is reported to be 0.07 ppm 6, 7) . Fig. 5 shows that the concentration of HCHO determined by the active-DNPH method and that by the detector tube method were almost 1:1 in relationship. Ohno et al. 12) compared the detector tube method with the active-DNPH method with repeated measurements under different conditions in an office room in which HCHO and CH 3 CHO concentrations were 0.022 ± 0.02 ppm and 0.005 ± 0.003 ppm, respectively. They reported that the HCHO concentrations obtained by the detector tube method (Y) were significantly correlated with those obtained by the DNPH method (X); the relationship we calculated from their data is Y=0.998 X + 0.014 (n=28, r=0.803, p<0.0001). According to their data, when CH 3 CHO concentrations are much lower than HCHO concentrations, the effect of CH 3 CHO is negligible.
On the other hand, in four of 171 rooms examined, CH 3 CHO concentration was higher than HCHO concentration, as shown in Table 3 . Reynolds et al. 13) reported that geometric mean concentrations of HCHO and CH 3 CHO in six commercial office buildings ranged from 5.0-13.3 µg/m 3 and 3.0-7.5 µg/m 3 , respectively. Also, Ikeda et al. 4) reported that the mean concentrations of HCHO and CH 3 CHO in 53 rooms in a newly built condominium were 83.4 ± 5.6 µg/m 3 and 46.6 ± 3.2 µg/m 3 , respectively. Moreover, Kawada and Hiramatsu 15) reported very high CH 3 CHO concentrations in residential rooms, such as 5.5-335.6 µg/m 3 . Thus, relatively high levels of CH 3 CHO were found in newly built rooms; in these cases, the effect of CH 3 CHO on the detector tube method should be considered. However, after this survey, the Japanese Ministry of Health, Labour and Welfare 16) set a guideline value of CH 3 CHO in residential rooms of 48 µg/m 3 (0.03 ppm) in 2002. Since this value is stricter than the guideline concentration of HCHO, the use of CH 3 CHO should decrease in the future.
Generally, it has been reported that detector tube performance is easily affected by high humidity or high temperature 17) . HCHO concentration readings from the ordinary HCHO tube for a workplace were more than 40% higher than the actual concentration under conditions of 24°C and 50% 16) . The conditions in our field survey were a mean humidity of 58% (range 38-80%) and a mean temperature of 28.5°C (range 23.2-36.6°C). According to the color development principle of our detector tube method, whereby HCHO reacts with hydroxylamine phosphate and releases phosphate which changes the pH-indicator from yellow to pink, air humidity should not seriously affect reaction rate 6) . Therefore, despite the variation in conditions in which we measured HCHO concentrations, the values obtained by our detector tube method were equal to those obtained by the active-DNPH method, which is generally recognized as a standard method for HCHO measurement.
In conclusion, the values obtained by the detector tube method were consistent with those obtained by the active-DNPH method over a wide range of HCHO concentrations. The efficacy of the detector tube method was confirmed both by laboratory experiment and field study. It is not only a fast but also a precise sampling method, and could be very useful for measuring indoor HCHO concentrations under ordinary conditions. 
